Disrupting fluconazole resistance in
We have recently described our efforts in screening approximately 300,000 compounds from the National Institutes of Health -Molecular Libraries Small Molecule Repository (NIH-MLSMR) to identify potential chemosensitizers of fluconazole-resistant Candida albicans isolates. 16, 17 This work resulted in the development of piperazinyl quinoline 1 (ML189, Figure 1 ) that attenuated fluconazole resistance in two C. albicans isolates obtained from an HIV-positive patient. 16 In addition to quinoline 1, several other potentiators were identified, including the novel tetracyclic compound 2 ( Figure 1) . 17 In this Letter we report our structure-activity relationship (SAR) studies around hit compound 2 that resulted in development of the new chemical probe ML229 (3) . Similar to ML189 (1), the polycyclic indole ML229 (3) reverses C. albicans's resistance to fluconazole but does not possess any inherent antifungal activity.
Dry powder samples of hit compound 2 were tested against C. albicans clinical isolates. 18 The weakly resistant strain CaCi-2 and a more resistant CaCi-8 line were both treated enough fluconazole to impair, but not fully eliminate, overall growth. 19 Under these conditions, low micromolar concentrations of 2 was observed to effectively suppress the residual, trailing growth that these strains maintained in the presence of fluconazole (Table  1 ). Toxicity counterscreens revealed that 2 exhibited no detrimental effects on mammalian fibroblasts (3T3 line, IC 50 > 26 uM) and was not inherently mycotoxic over the concentration ranges examined (0.2 -26 uM). The combination of these attributes validated indole 2 as a reasonable starting point for SAR studies.
The tetracyclic core was synthesized based on the methodology of Sauter and co-workers. 20 Beginning with suitably functionalized indoles, 21 the core scaffold of 2 could be obtained in a single, convenient transformation (Scheme 1). Commercially available 2-(methylthio)-4,5-dihydrothiazole 5a or 2-(methylthio)-5,6-dihydro-4H-1,3-thiazine 5b was condensed with the appropriate indoles to assemble tetracyclic systems 6. After obtaining various heterocycle cores, the indole nitrogen was capped with substituted alkyl halides to afford the desired analogs 7-10. The structure of the tetracyclic core was elucidated with X-ray crystallography of analog 10k and confirmed our synthetic route could successfully construct these unusual hetereocycles. 22 SAR exploration began with modifications to the parent ring system. Beta-carboline 11 was prepared and tested in an unsuccessful attempt to truncate the tetracycle (Table 1 ). In a complimentary approach, an additional carbon was inserted into the dihydrothiazole ring, but expansion of this region generally attenuated activity (7a). It was discovered, however, that incorporation of a fluoro substituent at the 5-position of the indole system (7b) could partially restore activity. A number of amides were then prepared using the fluorinated scaffold (Table 2) . Stronger inhibition of CaCi-2 growth in the presence of fluconazole was noted for this series, with multiple compounds possessing IC 50 values in the nanomolar range. It appeared that the fluoro indole core was primarily responsible for the increased potency, as the various amide side chains evaluated appeared to exert little influence. Cyclic (8a-f) and acyclic amides (8g) investigated showed comparable activity against CaCi-2. However, the corresponding esters (8h) and carboxylic acid (8i) were less active. When the entire side chain was removed, the resulting tetracycle 6b was as effective as hit compound 3 in sensitizing CaCi-2 to fluconazole. This series of compounds was then evaluated against the more resistant CaCi-8 strain, but only limited activity was observed in this assay. Despite their potency against CaCi-2, most of the 5-fluoro analogs did not potentiate fluconazole activity in the CaCi-8 isolates. There were a few compounds (e.g. 8f and 8h) that exhibited activity against CaCi-8, but careful examination of their activity profile revealed some of these compounds, such as 8f, actually lost effectiveness as test concentrations increased. This paradoxical dose-response trend, known as the Eagle effect, 23 is an established phenomenon with antimycotics 24, 25 and was observed in a small number of fluorinated indole analogs. Other substituents positioned at C-9, such as methoxy groups (e.g. 9a-b) were investigated, but effective alternatives could not be found. Despite the effectiveness of the 9-fluoro series against CaCi-2, it was ultimately determined that the unmodified indole core would be a more suitable scaffold for further investigation (Table 3) .
Re-evaluation of the side chain showed that the identity of the amide has a small, discernible effect upon cellular potency. The 4-methyl substituent of the piperidinyl amide could be removed (10a) with no significant loss in activity, but replacement with a gem-difluoro group (10b) was not tolerated. Exchanging the piperidine for analogous morpholine (10c) or N-methyl piperazine (10d) did not produce any measureable improvement. A reduction in IC 50 values was noted for the smaller pyrrolidine (3) or dihydropyrrole ring (10e), but the inactivity of azetidine amides (10g) suggested that five-membered rings were ideal. Substitution of the pyrrolidine, such as with 3,3-difluoropyrrolidine (10f), typically lowered the effectiveness of these compounds as chemosensitizers. Acyclic amides (e.g. 10h) were less potent than their more constrained cyclic counterparts, and several secondary amides (10i-j) had poor activities. As previously noted with the fluorinated series (vide supra), esters and carboxylic acids were not desirable (10k-l). The lower activity of amine 10m and unsubstituted indole (6a) re-affirmed the acetamide as the preferred appendage.
From this initial SAR investigation, pyrrolidine amide 3 was selected for further examination. This compound demonstrated the ability to sensitize CaCi-2 and CaCi-8 to fluconazole with reasonable potency (IC 50 = ~1 and 2 μM, respectively) and did not exhibit the paradoxical Eagle effect associated with some of the fluorinated analogs. After evaluating 3 in several yeast-reporter assays, it was determined that this chemosensitizer did not interfere with Hsp90 or calcineurin-dependant pathways. Both of these signaling mechanisms had been previously implicated in the acquisition of drug resistance by C. albicans. 26, 27 While the specific cellular target of 3 is currently unknown, it appears to be restricted to fungi as selectivity profiling established that 3 did not inhibit proliferation or survival of murine fibroblasts (IC 50 > 26 μM). Additional tests against C. albicans isolates demonstrated that 3 was an ineffective growth inhibitor in the absence of fluconazole (IC 50 >26 uM).
While fluconazole is primarily fungistatic, co-administration with various compounds has been known to produce fungicidal combinations, even when the individual additive possesses only minimal antifungal properties. [28] [29] [30] [31] To determine if the combination of fluconazole and 3 was fungistatic or fungicidal, the viability of treated cells in liquid culture was examined. The fluconazole-sensitive reference strain C. albicans SC5314 was incubated for 24 hours with fluconazole, tetracycle 3, or both compounds simultaneously. Viable cells were then counted after plating on rich media (Figure 2) . Alone, neither fluconazole nor indole 3 decreased viability, but the combination of both agents killed 96% of the initial inoculum. This effectively mirrors the potency of amphotericin B which eradicated all treated fungal cultures. These results suggest that 3 induces chemosensitization by decreasing the survival of fluconazole-treated cells and not through blockade of resistance mechanisms.
We previously reported primary screening of the NIH-MLSMR collection, and identified a chemical probe class represented by 1 (ML189) that sensitizes Candida albicans clinical isolates to fluconazole. 16 In this Letter, we report initial SAR studies on the structurally distinct compound 2 that was also identified as a chemosensitizer of C. albicans in the primary screen. The resulting small molecule probe 3 (ML229), along with 1 (ML189), will be useful tools for interrogating the molecular mechanism by which C. albicans acquires resistance against azole antifungals. To assist such efforts, tetracyclic indole 3 has been registered with the NIH Molecular Libraries Program as probe ML229 and is available upon request. 32 
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